This review article is focused on the total syntheses of heterocyclic sesquiterpenoids starting from carvone since 1996.
The use of a chiral synthon from a natural source is more practical in the installation of a chiral center in enantioselective total syntheses of natural products than other methods, such as chiral induction or resolution. Aminoacids [1], hydroxycarboxylic acids [2] , sugars [3] and terpenoids [4] have been utilized so far as naturally abundant chiral synthons in a variety of asymmetric total syntheses. In the case when a chiral carbon having either an oxygen or nitrogen atom is required, use of either a hydroxycarboxylic acid or aminoacid is preferable. A small number of carbons in these synthons make the design of construction of a framework and introduction of functional groups in a target compound more flexible. Sugars are useful starting materials for syntheses of polyoxygenated natural products. When terpenoids are used as the starting material, the number of steps to construct the carbon framework can be reduced. Though diterpenoids such as abietic acid, sclareol and larixol have been utilized for managing the decalin core, employment of monoterpenoids is preferable due to the potential of synthetic utility to construct diverse carbon frameworks characteristic of sesquiterpenoids, in which citronellal, limonene, pinene, camphor and carvone have been utilized so far due to their easy availability and low cost. The bicyclo[2.2.1]heptane core of camphor is attractive for diastereoselective introduction of functional groups. Though carvone (1) does not have a rigid framework compared with pinene, the isopropenyl group can play a role in directing the stereoselectivity. The isopropenyl or isopropyl group is ubiquitous in sesquiterpenoids, and the chiral isopropenyl group of carvone (1) could be used intact. In addition, a variety of synthetic transformations could be applicable to the isopropenyl and unsaturated carbonyl groups (Figure 1 ). The isopropenyl group could be oxidized into methylketone and subsequent Baeyer-Villiger oxidation could remove the isopropenyl group. Conjugate addition to the -unsaturated carbonyl group is useful for functionalization of a six-membered ring, which could be either contracted to a five-membered ring or expanded to a sevenmembered ring. Addition of an extra ring is possible from these rings by ring construction. Because some unnatural chiral synthons are either not available or expensive compared with the cost of naturally occurring ones, inversion of absolute stereochemistry must be inserted in a synthetic sequence in some cases. Fortunately, both enantiomers of carvone (1) are easily and commercially available at reasonable price, which is a big advantage for a chiral synthon. Starting from the pioneering total synthesis of helminthosporal by Corey and Nozoe [8] , carvone (1) has been employed as a starting material in total syntheses of a variety of natural products. Since then, contributions by de Groot [6] and subsequently Srikrishna [7] are outstanding in this area. The structural diversity of sesquiterpenoids has been attracting attention of synthetic organic chemists not only from the viewpoint of target oriented synthesis of newly found natural products, but also from the viewpoint of testing the utility of a new synthetic methodology developed originally by themselves. This review article focused on the enantioselective total syntheses of heterocyclic sesquiterpenoids starting from carvone (1) since 1996. Phytuberin (8) is a phytoalexin induced by stress on potato and tobacco. Kraus and Wang reported the compact synthesis of Findlay's intermediate 7 [8] leading to phytuberin (8) (Scheme 1) [8] .
Installation of the characteristic hydrofuran moiety started by stereoselective addition of dichloromethyl lithium to the known hydroxy ketone 2 to give diol 3 as a single diastereomer, while the benzylether of 2 afforded a 1:1 mixture of stereoisomers. Treatment of 3 with potassium carbonate in aqueous isopropylalcohol afforded hemiacetal 4 via a chloroepoxide intermediate, which was oxidized and acetylated to give acetoxy-lactone 5. Upon treatment of 5 with lithium diisopropylamide (LDA), intramolecular aldol reaction afforded hydroxy-lactone 6. Dehydration with methanesulfonyl chloride (MsCl), followed by conjugate addition of dimethylcuprate (Me 2 CuLi), provided Findlay's intermediate 7 [9] , which had already been transformed into phytuberin (8) in 4 steps.
The hydrindane core is one of the representative frameworks in sesquiterpenoids. A variety of synthetic strategies were employed for construction of the hydrindane framework and its subsequent functionalization.
The bakkane family constitutes more than 50 congeners having a hydrindane skeleton in common and a spiro-fused -butyrolactone that generally bears a rare -methylene function. Greene et al. completed total syntheses of a variety of bakkanes based on their unique [2+2]cycloaddition protocol, in which chiral natural products were synthesized from R-2-methyl-2-cyclohexen-1-ol prepared by asymmetric reduction of 2-methylcyclohexen-2-one with lithium aluminumhydride (LAH) in the presence of (-)-Nmethylephedrine as a chiral source. They employed R-(-)-carvone (1) as a chiral source in the total synthesis of (-)-homogynolide A (20) (Scheme 2) [10] , which was isolated from Homogyne alpine, with antifeedant activity against grain and feed pests. The key structure, spiro-fused -methylene--butyrolactone was installed in a single step by bis-alkylation of -alkoxy--methylbutenoate [17] .
Addition of Me 2 CuLi to S-carvone (1) proceeded stereoselectively anti to the isopropenyl group and the intermediate was trapped as an enol phosphate 9. Regioselective ozonolysis of the isopropenyl group, followed by decomposition of the Criegee intermediate with p-nitrobenzoyl chloride, provided the -acetate 10. Birch reduction of the enol phosphate 10 gave trans-alcohol 11, which was transformed into benzylether 12 after inversion of the alcohol by oxidation-reduction and subsequent protection to make the -face of the molecule more bulky. With requisite cyclohexene 12 in hand, dichloroketene added stereoselectively gave dichlorocyclobutanone 13, which was cleaved into cis-vicinal dicarboxylic acid ester 14 via a three-step sequence, reductive synthesis of enol acetate, ozonolysis and esterification. The ester 14 was transformed into diiodide 15, in which the benzyl-protecting group was removed. Oxidation, followed by protection, provided acetal 16. Alkylation of the diiodide 16 with the unsaturated ester 17 and subsequent treatment with aq. hydrogen fluoride (HF) successfully furnished spiro--methylene -butyrolactone 18, along with its epimer at C-7. Stereoselective reduction of the ketone 18 followed by esterification with a mixed anhydride of tigilic acid and 2,4,6-trichlorobenzoic acid 19 afforded (+)-homogynolide A (20) . Srikrishna and Reddy took an alternative radical approach for introduction of the -methylene-spirolactone moiety in the synthesis of an antipode of Greene's intermediate 18 (Scheme 3) [11] . 1,3-Dipolar cycloaddition of S-(+)-carvone (1) with diazomethane and subsequent thermolysis of the resulting Syntheses of heterocyclic sesquiterpenoids starting from carvone Natural Product Communications Vol. 8 (7) 2013 937 pyrazoline derivative provided 3-methylcarvone (21). Allylation of the enolate generated by reduction with lithium in liquid ammonia provided allylketone 22 as a mixture of diastereomers. Wacker oxidation proceeded regioselectively to give 1,4-diketones 23 and 24 in a 1:2 ratio. Intramolecular aldol condensation of the major diketone 24 furnished enone 25, which was reduced with lithium in liquid ammonia to give cis-hydrindanone 26 preferentially. The isopropenyl group was oxidatively removed after isomerization of the double bond by hydrobromination and dehydrobromination and subsequent ozonolysis to afford a diketone, in which the six-membered ketone was regioselectively protected to give ketal 28. Wittig olefination provided methylenol ether 29, which was transformed into bromoacetal 30 by treatment with N-bromosuccinimide (NBS) and propargyl alcohol. The 5-exo-dig radical cyclization of the bromoacetal with in situ generated tributyltin hydride and azobisisobutyronitrile (AIBN) in refluxing t-butylalcohol furnished spiro-acetal 31 as a mixture of epimers. Simultaneous hydrolysis of the acetal and ketal moieties, followed by oxidation with PCC, provided -methylene--lactone compounds 32 and ent-18 in a 4:1 ratio. The minor spirolactone 18 had already been converted into homogynolide (20) by Greene et al. [10] .
Synthesis of (-)-bakkenolide III (47) by Sha et al. was accomplished from S-(+)-carvone (1) via radical annulation leading to a hydrindanone core and subsequent radical spiro-lactonization leading to the -methylene--lactone (Scheme 4) [12] . Scheme 4: Total synthesis of (+)-bakkenolide III (47) by Jiang et al. [12] The unsaturated carbonyl moiety of S-(+)-carvone (1) was reduced with lithium in liquid ammonia to give trans-dihydrocarvone (33) as the major isomer (trans: cis=10:1). Ozonolysis of 33 followed by treatment with copper acetate and iron sulfate resulted in enone 34 after -elimination, which was transformed into enone 35 by addition of methyllithium and subsequent PCC oxidation.
Conjugate addition of 4-(trimethylsilyl)-3-butynylmagnesium chloride 36 proceeded from the -face of the enone 35 preferentially to provide silylenol ether 37 after trapping the enolate with trimethylsilylchloride (TMSCl). After introduction of iodine, the requisite cis-hydrindanone having the correct stereochemistry was furnished by photolytic cyclization in the presence of hexamethylditin followed by radical removal of iodine to afford vinylsilane 39 as a mixture of E and Z isomers (E:Z=3:1). Removal of the trimethylsilyl group proceeded with partial isomerization of the -olefin to give enones 40 and 41 in an 8:1 ratio. Stereoselective reduction of the carbonyl group, protection and ozonolysis of the exo-cyclic double bond furnished hydrindanone 42. Installation of a spiro lactone moiety was accomplished according to the modified radical protocol developed by Greene et al. [10] . Acylation of the ketone 42 with propargyl cyanoformate gave -ketoester 43, which was installed with manganese triacetate stereoselectively spiro--methylene--butyrolactone to afford lactone 44. Deprotection and subsequent reduction with samarium diiodide provided diol 46, stereoselectively. Treatment of the diol with tetrabutylammonium fluoride (TBAF) completed the total synthesis of bakkenolide III (47) via retro-aldol and aldol condensation.
Peribysin E (65) has a bakkane framework and was reported to exhibit potent cell adhesion inhibitory activity. Danishefsky et al. elaborated both enantiomers, thereby establishing the absolute stereochemistry of the natural product. The total synthesis is highlighted by a Diels-Alder reaction leading to a cis-decalin core and subsequent semipinacol-type ring contraction to furnish a quaternary center at C-7 (Scheme 5) [13].
Diels-Alder reaction of S-(+)-carvone (1) in the presence of diethylaluminum chloride proceeded by the approach of the diene 48 anti to the isopropenyl group to give the trimethylsilyl enol ether with high cis-diastereoslectivity, which provided enone 49 by Saegusa oxidation. Prior to transformation of the carbonyl group at C-4 into a methyl group, the carbonyl group at C-8 was masked selectively as dithioacetal 50. Wittig methoxymethylenation followed by hydrolysis provided the -equatorial aldehyde 51, in which the formyl group was transformed into a methyl group via mesylate to give the cis-dimethyl compound 53. After deprotection of the dithioacetal, the isopropenyl group was converted into the acetoxy group with retention of configuration via osmium tetroxide cleavage of the olefin, followed by Baeyer-Villiger reaction to furnish acetate 56. Treatment of acetoxy-enone 56 with trimethylsilylazide and iodine proceeded at first by conjugate addition of azide to the enone activated by the trimethylsilyl group to give silylenol ether, which was trapped with iodine, and subsequent -elimination of the azide to give iodo-enone 57. The side chain at C-7 was installed readily by Suzuki-Miyaura coupling with borate 58. Axial attack of hydrogen peroxide to the enone 59 provided -epoxide 60, selectively, in which the carbonyl group at C-8 was preferentially reduced to -alcohol. Although attempts at base catalyzed ring contracting rearrangement were not successful, the reaction catalyzed by ytterbium triflate gave the desired product, albeit in low yield. After tuning reaction conditions, treatment of triethylsilyl ether 62 with titanium tetrachloride afforded the desired hydrindane 64 having the requisite stereochemistry at the newly formed quaternary center C-7. Acid treatment finally furnished prebisyn (65), which was antipodal to natural prebisyn (65) by comparison with the optical rotation of its acetate. Repeating the same synthetic sequence, natural prebisyn (65) was synthesized from R-(-)-carvone (1).
938 Natural Product Communications Vol. 8 (7) 2013 Picrotoxanes have a densely oxygenated hydrindane framework and are widely distributed, not only in terrestrial plants, but also in marine organisms. Among them, picrotoxinin (106) (Scheme 9) is known to be a potent and specific inhibitor of the antagonist of the neurotransmitter suppressor -aminobutyric acid (GABA). Trost et al. synthesized Yoshikoshi intermediate 76 [14] for picrotoxane synthesis employing their original palladium catalyzed ene-yne cycloisomerization as a key reaction (Scheme 6) [15] .
An equatorial hydroxymethyl unit was introduced by the reaction of formaldehyde with the lithium enolate of R-(-)-carvone (1) under carefully controlled reaction conditions. Lithiated acetonitrile attacked 66 from an axial direction, mainly to give nitriles 67 and 68 in a 1:5 ratio, which were reduced and hydrolyzed in situ to provide aldehyde 69. Addition of lithium acetylide gave propargyl alcohol 70, which was transformed into ene-yne substrate 71 for cycloisomerization after deprotection and protection. Treatment of the ene-yne 71 with palladium acetate and BBEDA 72 furnished hydrindane 73 having the requisite functionalities for picrotoxane synthesis.
Similarly, p-methoxybenzyloxymethyl (PMBO) derivative 74 isomerized into hydrindane 75, which led to Yoshikoshi intermediate 76 [15] after manipulation of the hydroxyl groups.
Corey's intermediate 80 [16] for picrotoxane synthesis was also synthesized from the same PMBO derivative of 73 (Scheme 7) [14] . Allyl inversion provided chloride 77, which was transformed into triol 78 after substitution with cesium acetate, followed by deprotection. Stereoselective epoxidation of 78 and successive oxidation provided Corey's intermediate 80. Syntheses of heterocyclic sesquiterpenoids starting from carvone Natural Product Communications Vol. 8 (7) [14] . Hydroxy-directed epoxidation of the exo-olefin, followed by titanium(IV)benzyloxide-mediated epoxide ring opening proceeded stereoselectively to provide the partially protected pentol 81 as a single stereoisomer. Protection of the diol of 81 as an acetonide, followed by cleavage of the PMBO group, gave primary alcohol 82, which was converted into acid 83 by a two-step oxidation sequence. For selective oxidation of the C-2-C-3 olefin, the isopropenyl moiety was masked as bromolactone 84. Exposure of the bromolactone 84 to peroxytrifluoroacetic acid led to tandem epoxidation-debenzylative cycloetherification to provide the tetrahydrofuran 85. Zinc-induced cleavage of the -halolactone unmasked the C-4 isopropenyl moiety, giving the hydroxyester 86, after esterification. For installation of the bridged lactone, the configuration of the hydroxyl group at C-3 was inverted by oxidation and reduction. Manipulation of protecting groups on the hydroxyl groups led to hydroxyester 88, which was treated with potassium hydride to furnish bridged lactone 89. Treatment with aqueous HF resulted in selective removal of the secondary trimethylsilyl group at C-8, which was followed by derivatization into p-tolylthionocarbonate 90. Flash vacuum thermolysis at 500°C and subsequent deprotection afforded dihydroxyolefin 91. Hydroxyl group directed epoxidation of 91 completed the total synthesis of corianin (92).
Subsequently, Trost and Krische reported a more concise secondgeneration synthesis of picrotoxanes (Scheme 9) [17] . The isopropenyl and hydroxyl groups of nitrile 93 prepared from 68 (Scheme 6) were masked as a bromoether 94, different from masking as a bromolactone 84 in the previous synthesis.
Treatment of nitrile 93 with pyridiniumhydrobromide perbromide provided bromoether 94, stereoselectively, which led to the picrotoxane core 96 by palladium catalyzed ene-yne cyclosiomerization of propargyl ether 95. An SN2' substitution of the allyl alcohol 96 gave chloride 97, which was transformed into primary alcohol 98 by substitution with cesium acetate, followed by hydrolysis. Unsaturated ester 99 was obtained by two successive oxidation and esterification reactions. Epoxidation of 99 proceeded selectively on the electron rich olefin from the less hindered concave face to give the -epoxide, which resulted in acid catalyzed opening of the epoxide by the ester group with retention of configuration to provide hydroxylactone 100. The electrophilic 8,7double bond was protected as a diol by stereoselective dihydroxylation on the concave face of hydrindane.
After unmasking of the bromoether moiety to isopropenyl-triol 101, protection of the diol as an acetonide and subsequent treatment with base afforded -butyrolactone 102, probably via the 2,3-diol. Manipulation of protecting groups on the four hydroxyl groups led to hydroxy-ester 104, which was treated with LHMDS to provide bis--lactone 105, after deprotection. Removal of the diol back to olefin and subsequent epoxidation with lithium hexamethyldisilazide and t-butylhydroperoxide completed the total synthesis of picrotoxinin (106). Transformation of picrotoxinin (106) into picrotin (107) had already been accomplished in four steps.
Heterocyclic sesquiterpenoids containing a nitrogen atom are not common. (-)-Dendrobine (122), isolated from an ornamental orchid Dendrodium nobile Lindl, exhibits antipyretic, antihypertensive, and anticonvulsant activity. Sha et al. reported the total synthesis of (-)-dendrobine (122) based on intramolecular radical cyclization leading to a hydrindane core as a key reaction (Scheme 10) [18] .
Carvomenthone
(108) was treated sequentially with methylmagnesium chloride, ferric chloride, and TMSCl leading to -unsaturated silylenol ether, which was reacted with trimethyl orthoformate in the presence of borontrifluoride etherate (BF 3 ·OEt 2 ) to give acetal 109 stereoselectively (Scheme 10). Reaction of 109 with LDA and TMSCl generated the corresponding trimethylsilyl enol ether, which gave siloxyenone 110 by stereoselective oxidation with MCPBA. The enone 110 was then treated with PTSA to effect cyclization to afford bicyclic acetal-enones 111 and 112. The former was isolated and converted to 112 on treatment with PTSA in refluxing dichloromethane.
Cuprous iodide-mediated conjugate addition of Grignard reagent 36 to the enone 112, followed by trapping the resulting enolate with TMSCl, yielded 113 with the desired stereochemistry. The addition of Grignard reagent to the enone moiety proceeded from the less hindered -face of 112, as the bulky isopropyl group was locked at the axial position in the bicyclic structure of 112 and shielded the  face. Reaction of crude 113 with an iodination reagent, generated by mixing sodium iodide and m-chloroperbenzoic acid (MCPBA), gave iodoketone 114, which was then treated with tributyltin hydride and AIBN to effect radical cyclization, giving tricyclic ketone 115 (E:Z=1:9). The trimethylsilyl group was then removed by treatment with trifluoroacetic acid to give 116. The cyclic acetal 940 Natural Product Communications Vol. 8 (7) 2013 Hagiwara Scheme 9: Second generation syntheses of picrotoxinin (106) and picrotin (107) by Trost and Krische [17] .
in 116 was oxidized with MCPBA in the presence of BF 3 ·OEt 2 and subsequently treated with 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU), to produce lactone 117. Stereoselective hydroboration of 117 with borane dimethylsulfide complex, followed by basic hydrogen peroxide oxidation afforded diol 118. The carbonyl group was reduced at first to give -alcohol 118, which was followed by internal delivery of hydride to the exo-methylene from the -face. Diol 118 was then treated with MsCl and triethylamine to give mesylate, which was further reacted with sodium azide in the presence of 18-crown-6 in DMF to afford azido alcohol 119. Oxidation of the azide 119 by Jones' reagent afforded azido ketone 120. Treatment of 120 with triphenylphosphine, followed by reduction of the cyclic imine moiety with sodium cyanoborohydride from the -face, afforded amine 121, which was methylated with paraformaldehyde and formic acid to give enantiomerically pure (-)-dendrobine (122).
Thapsanes are a small group of sesquiterpenes isolated from the Mediterranean umbelliferous plant Thapsia villosa. A characteristic of the structure of the thapsanes is the presence of a cis-1, 2,2,6,8,9hexamethylbicyclo Reaction of known enone 123 [20] with methylmagnesium iodide, followed by oxidation of the resulting allylic tertiary alcohol with PCC and silica gel, furnished trimethylcarvone (124). Reaction of 124 with NBS gave allyl-bromide 125, which was treated with LAH reduction of the ester 130 followed by PCC oxidation generated aldehyde 131. Stannous chloride catalyzed coupling of the aldehyde 131 with ethyl diazoacetate furnished -ketoester 132. Diazo transfer reaction with tosylazide converted the ketoester 132 into -diazo--ketoester 133, which was treated with copper and anhydrous copper sulfate in refluxing cyclohexane under irradiation of a tungsten lamp to furnish, exclusively, tricyclic -ketoester 134. Reductive cleavage of the cyclopropane ring employing lithium in liquid ammonia furnished a 3:4 mixture of hydrindanone 136 and decalone 135. After introduction of an exo-methylene unit to 136 by Wittig reaction, the resulting olefin 137 was epoxidized with MCPBA to generate a 2:1 epimeric mixture of epoxides 138. Treatment of the epimeric mixture 138 with a catalytic amount of BF 3 ·OEt 2 furnished a 1:1 mixture of ethoxy-lactone 139 along with desilylated lactone. Removal of the ethoxy group of the ethoxylactones 139 was carried out using a combination of trifluoroacetic acid and triethylsilane to give trifluoroacetoxy lactone 140. After hydrolysis with potassium carbonate to hydroxy lactone, controlled reduction of the lactone moiety with diisobutylaluminum hydride (DIBAL-H) furnished an epimeric mixture of the hydroxy hemiacetal 141, which on acetalization with methanol furnished the hydroxy acetal. Esterification of the hydroxy-acetal with senecioic acid in the presence of 1,3dicyclohexylcarbodiimide generated a mixture of the senecioate 143 and the deconjugated ester 142, which was quantitatively equilibrated with DBU to 143. Finally, hydrolysis of the acetal moiety in 143 furnished the thapsane (144).
The decalin core is one of the ubiquitous frameworks in sesquiterpenoids such as cadinane, elemophilane and eudesmane, but not so common in sesquiterpenoids having a heterocyclic moiety.
Agarofuran sesquiterpenoids are a structurally diverse class of natural products and some of them exhibit a variety of interesting biological activities [23] .
(-)-Baimuxifuranic acid (150) was isolated from the volatile oil of Chen-Xiang, the first carboxylic acid with a dihydroagarofuran skeleton from a natural source. Li et al. synthesized (-)baimuxifuranic acid (150) from -agarofuran (145) prepared from R-(-)-carvone (1) in six steps [23] via Robinson type annulation (Scheme 13) [24] . 152 and 153. The allyl group was introduced to the isopropenyl group via allylation to the enolate generated by reductive opening of epoxy ketone 151, retro-aldol ring opening and subsequent aldol ring closure. Addition of Grignard reagent to the hydroxy ketone 153 provided epimeric diols 154 and 155. Ring closing olefin metathesis of cis-diol 155 provided decalin 156, in which the hydroxyl group was epimerized by an oxidation and reduction sequence to 157 without the desired stereoselectivity. After protection as benzoate 158, regioselective dehydration, followed by oxymercuration, provided tertiary alcohol 159. Osmium catalyzed dihydroxylation proceeded stereoselectively and protection of the resulting diol afforded acetonide 160. Epoxidation of 160 furnished stereoselectively -epoxide 161, which was treated with TMSOTf briefly to afford the target agarofuran derivative 162.
The eremophilane sesquiterpene R-(-)-ligularenolide (166) has been isolated from 'San-Shion', a Chinese herb drug prepared from the root of a Ligularia species. Furthermore, R-(-)-ligularenolide (166) is the parent compound of the microbial metabolite R-(-)-PFI092A (170). These compounds are interesting new nonsteroidal progesterone receptor ligands and Jenniskens and de Groot reported the total syntheses of these (Scheme 15) [26] .
Wieland-Miescher ketone analogue 163 was prepared from S-(+)carvone (1) via a conjugate addition annulation sequence. The isopropenyl group of 163 was removed by a Criegee rearrangement, followed by acetylation to afford 5-acetoxy enone, which gave dienone 164 by -elimination. Conjugate reduction of dienone 164, followed by treatment with NaOMe, gave enone 165. Finally, condensation of the enolate of 165 with ethyl pyruvate in the presence of ZnC1 2 , followed by dehydration of the adduct with PTSA in refluxing toluene furnished R-(-)-ligularenolide (166).
The Wieland-Miescher ketone analogue 163 was transformed into butenolide 167 according to the same sequence as above, in which the isopropenyl double bond was isomerized to isopropylidene by treatment with PTSA. The isopropylidene unit was cleaved by treatment with NaIO 4 and RuO 2 to give ketone 168, which was subsequently oxidized with manganese acetate and chloroacetic acid to produce a mixture of chloroacetates 169. Reduction of the mixture with NaBH 4 gave a separable mixture of R-(-)-PF1092C (170) and its epimer.
Guaianolides represent one of the largest groups of naturally occurring sesquiterpenoids. All guaianolide syntheses starting from carvone (1) have been based on the cyclopentanoids prepared by the method of Lee and Yoon (vide infra), which were followed by a variety of annulations to add seven membered rings.
Lee and Yoon reported efficient ring contraction of R-(-)-carvone
(1) into cyclopentanecarboxylate 173, which has, since then, been utilized as a versatile precursor for syntheses of the cis-fused hydroazulenic ring system in a variety of guaiane natural products (Scheme 16) [27] . Stereoselective epoxidation of R-carvone (1) to epoxide151, followed by diaxial ring opening of the epoxide by Syntheses of heterocyclic sesquiterpenoids starting from carvone Natural Product Communications Vol. 8 (7) 2013 943
TMSCl and subsequent protection of the resulting chlorohydrin provided -chlorocyclohexanone 171. Treatment of the chloride 171 with sodium methoxide resulted in stereoselective Favorskii rearrangement to afford the functionalized cyclopentane derivative172 (d.r.=10:1). Presence of the alkoxy group at C-3 plays a critical role in the Favorskii rearrangement. Exchange of the protecting group provided MOMether 173.
Subsequently, Lee et al. completed the total synthesis of (+)cladantholide (180) employing tandem 5-exo-and 7-endo-radical cyclizations starting from the cyclopentanecarboxylate 172 (Scheme 17) [28] .
Reduction of 172 with DIBAL-H afforded aldehyde 174, in which addition of vinylmagnesium bromide to the formyl group was completely stereoselective to give the Felkin type addition product 175 as the sole product, which was converted into bromoacetal 176 upon exposure to 1,2-dibromo-1-ethoxyethane. When 176 was subjected to the standard high-dilution radical generating conditions utilizing tributylstannane and AIBN, hydroazulenic acetal 177 was obtained as a single stereoisomer after two successive radical reactions. The initial 5-exo-radical cyclization of acetal 176 provided predominantly the trans-cyclic acetal. After 7-endocyclization to close the hydroazulene core, hydrogen abstraction by the tertiary radical proceeded from the sterically less encumbered face to furnish the correct stereochemistry at C-10. Deprotection of 177 and subsequent PCC oxidation yielded the ketoacetal 178, which was converted into the hydroxy-ketone 179 via trimethylsilyl enol ether formation and oxidation with dimethyldioxirane. Shapiro reaction using excess methyllithium transformed 179 into allylic alcohol 180. Jones oxidation of 180 afforded the lactonic enone and LDA-mediated enolate formation and subsequent methylation proceeded stereoselectively to give (+)-cladantholide (181).
Scheme 17:
Total synthesis of (+)-cladantholide (181) by Lee et al. [28] .
The same protocol was applied to the total synthesis of (-)-estafiatin (186) by Lee et al. (Scheme 18) [28] . The allylic alcohol 175 was esterified with chloromalonyl chloride to give chloromalonate 182 in high yield. Upon treatment with manganese acetate and copper acetate, the ester 182 underwent tandem 5-exo-and 7-endo-radical Scheme 18: Total synthesis of (-)-estafiatin (186) by Lee et al. [28] . cyclizations affording a 3:1 mixture of the tricyclic chlorolactone 183. Reductive dechlorination of 183 resulted in the simultaneous deprotection of the THP ether group, and a 10:1 epimeric mixture of product 184 was obtained. Dehydration of 184 with methyltriphenoxyphosphonium iodide in HMPA proceeded to give the diene 185. Methylenation of the corresponding carboxylic acid with Eschenmoser's salt and subsequent epoxidation afforded (-)estafiatin (186). , isolated from Crepis virens, has antibiotic activity. In the total synthesis by Xu et al., its guaian structure was furnished by intramolecular aldehyde-ene cyclization to close the seven-membered ring (Scheme 19) [29] .
Treatment of formyl cyclopentane 187 with the trimethysilylenol ether of -butyrolactone in the presence of BF 3 ·OEt 2 afforded Mukaiyama aldol products 188 and 189 (26:74). Hydrolysis of the major 189 with potassium hydroxide, followed by esterification with diazomethane, provided the diol methyl ester 190, which was oxidized to lactone 191 employing tetramethylpiperidine N-oxide (TEMPO). The ester group of 191 was transformed into primary alcohol 193 via an alkaline hydrolysis reaction with Vilsmeier reagent, and reduction with sodium borohydride. Swern oxidation of the alcohol 193 provided an unstable aldehyde, which underwent intramolecular aldehyde-ene cyclization to give guaian 194 exclusively with the catalysis of (i-PrO) 2 followed by careful acidification to pH 1. In the subsequent oxidation, migration of the double bond was suppressed when Dess-Martin periodinane (DMP) was used as the oxidation reagent and pyridine as the co-solvent to yield aldehyde, which underwent enecyclization with BF 3 ·OEt 2 to give (-)- 8-epigrosheimin (197) . Alternatively, the exo-methylene of the butyrolactone of 201 was protected as phenylthio-or methylether by 1,4-addition with concomitant translactonization leading to either primary alcohol 203 or 204. Swern oxidation followed by stereoselective intramolecular aldehyde-ene cyclization generated guaianolides, which were converted into (-)-8-epigrosheimin (197) by elimination.
Chinensiolide B (213), isolated from Ixeris chinensis Nakai, displays cytotoxic behavior against human primary liver cancer and human lung fibroblast cell lines. The total synthesis by Elford and Hall was accomplished by a strategy based on a stereoselective and E/Z-selective tandem allylboration/lactonization reaction and subsequent ring-closing olefin metathesis (RCM) (Scheme 21) [31] .
Aldehyde 205 was obtained from the ent-hydroxyester 198 via TBS-protection, reduction, and then oxidation under Swern conditions. The key tandem allylboration/lactonization employing boronate 206 was carried out using 2.5 mol % of BF 3 ·OEt 2 to provide trans-γ-lactone product 207 diastereoselectively (>95% d.r.). The trans-diastereoselectivity in the allylboration step was explained by the six-membered chair-like transition state. The diastereofacial selectivity of aldehyde 205 was rationalized according to the Felkin-Anh model. Selective deprotection of the primary TBDPS group was followed by a Grieco elimination of the Scheme 20: Improved total synthesis of (-)- 8-epigrosheimin (197) by Xu et al. [30] . Addition of allylmagnesium bromide resulted in the formation of an inseparable diastereomeric mixture of homoallylic alcohols (d.r.=3.5:1). After MOM protection of the tertiary alcohol and removal of the PMB group, the major alcohol 218 was oxidized with tetra-n-propylammonium perruthenate (TPAP) and Nmorpholine-N-oxide (NMO) and the resulting aldehyde was treated with the lithium anion of ethylvinyl ether to give the alcohol as a single diastereoisomer. The stereochemical outcome of this addition is consistent with the Felkin-Anh model. TES protection gave enol ether 219, which was subjected to the key ring-closing metathesis reaction using 2.5 mol % of Grubbs dihydroimidazoline ruthenium catalyst to form the required cyclic enol ether 220 in high yield. This is an interesting example of RCM of an enol ether to close a medium size ring. Osmylation led predominantly to the -hydroxy ketone epimer 221 (d.r.=16:1), resulting from the attack on the concave face. The C-8 alcohol of 221 was then esterified with 2-(diethoxyphosphoryl)propionic acid, and a subsequent intramolecular Horner-Wadsworth-Emmons reaction resulted in the formation of butenolide 222. Since the syn-dihydroxylation of butenolide 222 was unsuccessful, the butenolide 222 was reduced with lithium borohydride, followed by protection of the primary and secondary alcohols independently, to give fully protected guaian 223. Then, the osmium-mediated dihydroxylation proceeded smoothly to give the diol as a single diastereoisomer. Concomitant removal of TES and acetate protecting groups afforded the tetraol 224. The carbon framework was completed by a selective TPAP oxidation of the primary alcohol of 224 to afford lactone 225. Removal of the MOM groups in 225 with simultaneous acetonide formation gave trilobolide precursor 226. Subsequently, deprotection of 226, followed by oxidation, provided ketone 227, which was transformed into silylenol ether 228 regioselectively (Scheme 23) [33].
Oxidation with dimethyldioxirane proceeded from the convex face of silylenol ether 228 to give -silyloxy ketone 229 stereoselectively. Submitting ketone 229 to TMSCl/Et 3 N at 150°C afforded the tetrasubsitituted silylenol ether 230. Treatment of 230 with a catalytic quantity of phenylselenyl bromide gave enone 231 as the sole product, in which the C-2 silyloxy group was lost. Ketone 231 was then stereoselectively reduced with sodium borohydride (d.r.=4:1) to give the alcohol, which was first esterified with angelic acid under Yamaguchi conditions, followed by deprotection of the tertiary alcohols with TBAF to yield angelate 232. Selective acylation of the C-10 hydroxy group was achieved with isopropenyl acetate mediated by polymer-supported toluenesulfonic acid. Removal of the acetonide led to triol 233. Finally, esterification with S-2-methylbutyric anhydride occurred exclusively at the secondary alcohol of C-8 to provide trilobolide (234). Reaction of 233 with butyric anhydride and senecioic anhydride furnished nortrilobolide (235) and thapsivillosin F (236), respectively.
The interesting biological activity of thapsigargins has led to syntheses of thapsigargin (243) Starting from the common intermediate 228 employed for trilobolides syntheses, oxidation of the silylenol ether with dimethyldioxirane proceeded from the convex face to give -hydroxy-ketone 237 stereoselectively. Unsaturation into the cyclopentane ring was introduced by addition of a phenylselenenyl group and subsequent oxidation to give enone 238. The carbonyl group was reduced from the convex face of the enone 238 to give -alcohol 239, in which esterification was carried out with a mixed anhydride 19 derived from angelic acid and trichlorobenzoyl chloride to afford angelate 240. Deprotection of SEM followed by esterification afforded octanoate 241. Acetylation and subsequent esterification furnished thapsigargin (243) and thapsivillosin C (244). Syntheses of some unnatural thapsigargin analogues were also reported for the study of structure activity relationships [34] .
As represented by the structure of helminthosporal, some sesquiterpenoids have intriguing bicyclic bridge frameworks, which have stimulated the interests of synthetic organic chemists. Enantiomerically pure (+)-trans-carveol (245) was obtained by recrystallization of its 3,5-dinitrobenzoate. The ester 246 was obtained from 245 by the orthoester Claisen rearrangement, which was followed by alkaline hydrolysis, bromolactonization and radical reduction to give lactone 247. The isopropenyl group was transformed into a hydroxy group with retention of configuration through ozonolysis. An allyl group was introduced stereospecifically to the silylether from the convex face under kinetically controlled conditions to give 249. Deprotection and subsequent tosylation provided tosylate 250, which was treated with LDA and HMPA resulting in the intramolecular displacement of tosylate giving tricyclic lactone 251. The terminal double-bond in the side chain was isomerized to the internal olefin 252 by treatment with rhodium(III) chloride, which was followed by ozonolysis to afford aldehyde 253. N-Boc ampullicin 255 was prepared by a Horner-Emmons reaction with phosphonate 254. Deprotection of 246 with trifluoroacetic acid led exclusively to ampullicin (256).
Hagiwara et al. reported the total synthesis of drechslerine B (270), which was isolated from the algicolous fungus Drechslera dematioidea of the red alga Liagora viscida (Scheme 26) [36]. The bicyclo[3.2.1]core was introduced by palladium catalyzed regioand diastereoselective allylation followed by intramolecular aldol reaction, and the butenolide moiety was installed by palladium catalyzed insertion of carbon monoxide.
S-(+)-Carvone
(1) was reduced by catalytic medium-pressure hydrogenation with rhodium on alumina to afford a diastereomeric mixture of tetrahydrocarvone (257). The catalyst could be re-used without loss of catalytic activity. On the other hand, hydrogenation of 1 with palladium on carbon resulted in the partial epimerization of the isopropyl group of 257 along with isomerization to carvacrol. Diastereo-and regioselective allylation was accomplished via palladium-catalyzed Tsuji allylation developed by Behenna and Stoltz [38] . In the presence of a catalytic amount of bispalladium tris(benzylidene)acetone [Pd 2 (dba) 3 ], chiral ligand S-tert-ButylPHOX 259, and tetrabutylammonium difluorotriphenylsilicate (TBAT), allylation of thermodynamically stable tetrasubstituted silylenol ether 258 with allyl carbonate afforded 2R-isomer 260 with 98% diastereoselectivity, which solved the issue of allylation of tetrahydrocarvone (257). The alkylation of the enolate generated Syntheses of heterocyclic sesquiterpenoids starting from carvone Natural Product Communications Vol. 8 (7) 2013 947 by the cleavage of the silylenol ether 258 with methyllithium resulted in 78% de. Ozonolysis, followed by an intramolecular aldol reaction, afforded bicyclic hydroxyketone 262. Jones oxidation of the keto-alcohol 262 provided a 1,3-dicarbonyl compound 263, in which the carbonyl group at C-6 of the diketone 263 was protected with sodium bistrimethysilylamide (NaHMDS) and triisopropylsilylchloride as the silylenol ether 264. Wittig methoxymethylenation of the carbonyl group at C-8 gave the methyl enol ether as a mixture of E/Z isomers, which was subsequently deprotected to give ketone 265. After methoxycarbonylation of 265 with methyl cyanoformate, treatment of the -keto ester 266 with NaHMDS and triflic anhydride furnished enol triflate 267, which was reduced with diisobutylalminum hydride to give hydroxytriflate 268. Palladiumcatalyzed insertion of carbon monoxide to 268 proceeded with tetrakis(triphenylphosphine) palladium in the presence of tri-nbutylamine to give butenolide 269. Hydrolysis of the enol ether 269 proceeded preferentially from the exo-face of the enol ether to give 8R-aldehyde and 8S-aldehyde in a 14:1 ratio. Treatment of a mixture of aldehydes with potassium carbonate in methanol led to an equilibrium mixture of 1:2.6. Finally, reduction of a mixture of aldehydes with sodium borohydride provided drechslerine B (270). reduction of 267 with formic acid led to the unsaturated ester 271, which was hydrolyzed and reduced to furnish drechslerine A (272).
Synthesis of drechslerine
In conclusion, a variety of heterocyclic sesquiterpenoids have been elaborated successfully starting from both enantiomers of carvone (1), exploiting its potential as a chiral synthon. Since new natural products have been discovered continuously from nature, carvone (1) will play important roles as a promising starting material for natural product syntheses in the future. Though this review article focused only on total syntheses of heterocyclic sesquiterpenoids, a variety of natural products have also been synthesized so far starting from carvone (1), which will be reviewed in due course.
